Morphometric analysis in the shells of the planktonic foraminifera Orbulina universa: a source for paleoceanographic information? by Duque-Castaño, Mónica Liliana et al.
BRAZILIAN JOURNAL OF OCEANOGRAPHY. 2019;v67:e19252
Duque-Castaño et al.: Morphometric analysis in Orbulina universa
1
Morphometric analysis in the shells of the planktonic foraminifera 
Orbulina universa: a source for paleoceanographic information?
In this study, we describe morphometric analyses of Orbulina universa morphotypes presently found in the 
Western South Atlantic, and their relation to the upper water thermohaline indexes. We also investigate this 
relationship under glacial and interglacial conditions between 7.2 and 32 kyr BP. Ten plankton samples dis-
tributed between 32º55' and 26º20'S were selected for the analyses of modern O. universa specimens. Core 
SIS188 was retrieved at 29º22’S, 47º28’W enabling the analysis of 21 fossil samples. Shell diameter, pore 
diameter, pore density and porosity were measured using SEM images. Chronology of core SIS188 is based 
on four AMS 14C ages and the planktonic foraminifera oxygen isotope curve. Planktonic foraminifera relative 
abundances were converted into SST data using the Modern Analog Technique (MAT). Correlations between 
the morphometric parameters and temperature and salinity of surface Waters (modern samples) or paleotem-
perature (fossil samples) were calculated. Morphological characteristics of the analyzed shells allowed to 
differentiate two morphotypes of O. universa, namely Caribbean and Mediterranean in the studied region. 
For the Caribbean morphotype, the large pore density showed a negative correlation with both temperature 
and salinity. For the Mediterranean morphotype, no significant correlations were found. For fossil samples, 
no significant correlations were found between summer SST (0-50m) and morphometric parameters for the 
Caribbean or the Mediterranean morphotypes. Possibly, other genotypes do exist in the fossil record, so 
modern and fossil morphotypes would not have the same behavior. Another explanation for the absence of 
correlation in fossil samples are errors associated with the SST estimates. Furthermore, fossil samples could 
represent distinct and more complex oceanographic conditions compared to current configuration, with Plata 
Plume Water and Brazil Malvinas Confluence migration playing a most significant role in the past.
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INTRODUCTION
Planktonic foraminifera have been widely used in pa-
leoceanographic studies due to their global distribution, 
rapid evolution and great abundance. Since most species 
develop their life cycles in the upper 200m of the ocean 
(Schiebel and Hemleben, 2017), they provide information 
about key paleoclimate variables such as paleo-sea surface 
temperature (SST) and salinity (SSS). For that purpose, 
census counts, coiling directions and the isotopic com-
position of shells have been frequently used as proxies 
(Emiliani, 1954; Imbrie and Kipp, 1971; Colombo and 
Cita, 1980; Hemleben et al., 1989). Also, planktonic fo-
raminifera respond to changes in upper water properties 
modifying the size and density of shell pores (Bé, 1968; 
Seears, 2011; BouDagher-Fadel, 2012). Thus, the analysis 
of changes in the percentage, diameter and density of po-
res as well as the morphometry of the shells in some spe-
cies may offer qualitative and quantitative data about past 
seawater properties (Bé, 1968; Bé et al., 1973; Frerichs 
et al., 1972; Li et al., 2009).
The use of planktonic foraminifera shell porosity as a 
paleoceanographic tool started in the 60’s, when Bé (1968) 
first performed porosity measurements in 22 species from 
all latitudes and defined it according to latitude. Porosity is a 
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parameter that combines information on the number of large 
and small pores and diameter of large and small pores in a 
given area. However, Quaternary studies have mainly focused 
in the usage of Orbulina universa, given that changes in SST, 
SSS and nutrient availability may be reflected in the morpho-
metry of shells and pores of this species (Bé et al., 1973; Bé 
and Duplessy, 1976; Hecht et al., 1976; Spero, 1988; Lea et 
al., 2002; Schmidt et al., 2003).
Orbulina universa d’Orbigny occurs globally, with per-
centage representativity varying in the climatic belts. Usually 
is found in the tropical and subtropical regions, but it can also 
be found in polar waters due to the transport by surface cur-
rents (Schiebel and Hemleben, 2017). The first appearance of 
O. universa in the fossil record is defined approximately at 
14.14 Ma (Lourens et al., 2004). This species is known for 
tolerating wide temperature and salinity ranges (Hemleben et 
al., 1989; Bijma et al., 1990) and develops its life cycle pre-
ferably in the photic zone. Its ontogenetic cycle includes four 
stages with different morphologies (Spero, 1988; Hemleben et 
al., 1989; Schiebel and Hemleben, 2017). In the adult phase, it 
forms a spherical chamber that encloses all previous chambers 
giving the species a spherical morphology that differs from all 
other planktonic forms. In this stage, the shell wall exhibits 
both small and large pores. While the large pores are used for 
the exchange of food and symbionts, the small ones are used 
for gas exchanges (Bé et al., 1980; Spero, 1988; Bijma et al., 
1990).
Relationships between O. universa shell diameter and 
water temperature, as well as between the shell porosity 
and salinity and temperature have already been explored. 
This type of study has been performed in the Equatorial 
Indian Ocean and Western Pacific Ocean, focusing in 
changes in the porosities since the last glacial up to the 
Holocene, and showing that in low latitudes, lower po-
rosities are correlated to higher salinities (Frerichs et al., 
1972; Hecht et al., 1976; Li et al., 2009). On the other 
hand, porosity studies performed in North Atlantic mid la-
titudes have shown a correlation with SST (Colombo and 
Cita, 1980). However, none of these studies considered the 
existence of different morphotypes of O. universa.
De Vargas et al. (1999) reported three morphotypes of 
O. universa in the Atlantic Ocean based on genetic data. 
Morard et al. (2009) used biometric and genetic analyses 
to differentiate the Caribbean, Mediterranean and Sargasso 
morphotypes in the Southern Pacific, Southern Indian and 
Atlantic Oceans. Nevertheless, studies regarding porosi-
ties, pore density and shell size changes in O. universa in 
the Western South Atlantic - which could provide valuable 
information regarding Late Quaternary oceanographic 
conditions in this region - have not yet been performed.
The objective of this work is to understand the rela-
tionship between the upper water thermohaline indexes and 
the porosity and morphometric variation in shells of O. uni-
versa morphotypes found in the Western South Atlantic. We 
also investigate this relationship under glacial and interglacial 
conditions between 7.2 and 32 kyr in the studied region.
MATERIAL AND METHODS
Study area
The south Brazilian continental margin is mostly influen-
ced by the Brazil Current (BC), which flows southward in the 
offshore region transporting Tropical Water (TW) in the upper 
200m and South Atlantic Central Water (SACW) at the pyc-
nocline layer. The TW (in which O. universa lives) is a warm 
(> 18°C) and saline (> 36) water mass (Silveira et al., 2000). 
The BC flows southwards until it meets the cold Malvinas 
Current forming the Brazil-Malvinas Convergence zone 
(BMC), at 38ºS. The BMC is an accentuated thermohaline 
front (Peterson and Stramma, 1991) and a zone of enhanced 
biological productivity.
In the south Brazilian continental shelf there is also 
the influence of the Plata Plume Water (PPW) (salinity: 
32; temperature: 18°C - Pimenta et al., 2005). The in-
fluence of the Plata River (35º S) extends along a coastal 
strip of 1300 km. PPW reaches its northerly extreme at 
around of 25.2° S in August (austral winter) every year 
(Souza and Robinson, 2004). In contrast, during austral 
summer the plume is confined to river mouth. The seaso-
nal variability of the river plume is controlled by the alon-
gshore component of the wind stress (Piola et al., 2005).
Close to the studied piston core, the Santa Marta Cape 
(29° S) is an important region at south Brazilian continental 
shelf because of the enhanced productivity of the waters in 
the region (Figure 1). The narrow continental shelf, the coas-
tline orientation change and the wind influence seem to play 
a significant role in enhancing the offshore Ekman transport, 
leading to stronger upwelling south of the cape (Castelao and 
Barth, 2006). Shelf-break upwelling is also important and is a 
persistent process (Palma and Matano, 2009; Campos et al., 
2013). Once on the shelf, SACW might be brought to the sur-
face under upwelling favorable winds.
Orbulina universa samples
Ten zooplankton samples distributed along the southern 
Brazilian continental margin (between 32º55’ and 26º20’S) 
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counting chamber. Altogether, 92 O. universa specimens we-
re retrieved that were subsequently dried and imaged with a 
Scanning Electron Microscope (SEM).
Besides the zooplankton analyses, 21 samples from a late 
Quaternary sediment core were analyzed. Core SIS188 was 
retrieved by Fugro company at the southern Brazilian conti-
nental slope (29º22’12”S, 47º28’38”W - Figure 1), at 1514 m 
water depth. The analyzed samples cover the upper 208.5cm 
of the core, consisting mainly of calcareous mud, with smaller 
proportion of sandy mud and organic-matter rich layers.
The sampling used in this study does not present a regular 
spacing. Since the overall aim of this work is to evaluate the 
relationship between O. universa morphometric parameters 
and upper water thermohaline properties, the sampling focus 
was the representation of different paleoceanographic condi-
tions instead of looking for high-resolution reconstruction. We 
distributed the samples through the core in order to cover a 
major time interval, possibly with different paleotemperatu-
res. Downcore sample spacing is relatively high (up to 7cm 
corresponding to up to 5 ka).
Morphometric analyses and recognition 
of orbulina universa morphotypes
Six to ten shells of O. universa (fossil and modern) 
(Figure 2) were imaged per sample with a Jeol, JSM - 
6610LV Scanning Electron Microscope (SEM), using a 
140×1000 magnification. All specimens used for measu-
rements were adults, with the spherical chamber enclo-
sing the ones built in previous ontogenetic stages. Pore 
diameter, pore density and porosity were measured using 
the SEM images (Table 2 - modern samples and Table 3 - 
fossil samples). The porosity was calculated according to 
Li et al. (2009):
Figure 1. Location of the core SIS188 and the modern Orbulina 
universa samples. Orange dots correspond to the samples collected 
in spring; yellow dots correspond to the samples collected in autumn. 
Santa Marta Cape (SMC), Plata Plumer Water (PPW), Brazil Current 
(BC), Malvinas Current (MC) and Brazil-Malvinas Confluence 
(BMC) are also indicated in the map (based on Peterson and Stramma, 
1991 and Piola et al., 2005).
Table 1. Distribution of modern Orbulina universa samples retrieved in spring 2012 and autumn 2015 at south Brazilian 
continental margin.
Sampling location
Sample ID Season Temperature (ºC) 0-50m Salinity 0-50m Number of O. universa specimens per sampleLatitude Longitude
32°55.370'S 50°17.770'W P5-11 Spring 19 34.2 8
31° 42.371' S 48° 59.446'W P9-3A Autumn 22.9 36.4 9
31°39.238'S 49°29.745'W P5-18 Spring 18 34.5 10
31° 12.744' S 48° 56.648'W P9-22 Autumn 23 36.8 6
30°42.910'S 48°48.866'W P5-23 Spring 22 34.8 9
30° 07.49' S 47° 08.760'W P9-4A Autumn 22.5 36.4 10
29°25.583'S 47°44.953'W P5-29 Spring 21.3 34.4 10
29°22.780' S 47°07.532'W P5-30 Spring 19.7 33.5 10
27° 50.490' S 45° 7.544'W P9-5A Autumn 23.8 37 8
26°20.64'S 46°66.707'W P5-41 Spring 21.8 36.1 10
were selected for the analyses of modern O. universa speci-
mens (Table 1). Samples were retrieved in the spring of 2012 
and in the autumn of 2015 by oblique hauls from 200m depth 
to the water surface, using bongo nets with a 60cm diameter 
mouth opening and 300µm mesh size. Samples were preser-
ved in formaldehyde. Temperature and salinity data were ob-
tained with a Seabird (SBE19) CTD device (Table 1).
Orbulina universa specimens were retrieved after wet-
-sieving through a 200µm mesh and picking using a Bogorov 
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Figure 2. Orbulina universa morphotypes. A. Mediterranean morphotype from core SIS188; B. Caribbean morphotype 
from core SIS188; C. Mediterranean morphotype from modern samples; D. Caribbean morphotype from modern samples.
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Table 2. Morphometric characteristics of modern Orbulina universa samples retrieved at south Brazilian continental margin. 
Samples 
ID
Caribbean morphotype Mediterranean morphotype
Specimens Porosity (%) Diameter
large pore 
density 
(/110µm²)
small 
pore 
density 
(/110µm²)
Specimens Porosity (%) Diameter
large pore 
density 
(/110µm²)
small pore 
density 
(/110µm²)
P5-11 5 15.2 564.521 19 32 3 4 651.050 5 50
P9-3A 3 14.1 558.819 6 47 6 9.9 517.712 5 54
P5-18 3 15.1 637.171 17 45 7 10.1 684.988 10 54
P9-22 1 14.6 601.234 8 16 5 6.5 618.423 4 45
P5-23 8 11.3 533.036 13 20 1 11 452.548 6 38
P9-4A 4 12.8 561.547 14 26 6 6.9 695.783 5 48
P5-29 3 14.8 635.854 11 34 7 6.4 584.170 4 56
P5-30 6 16.1 646.431 16 23 3 7.3 591.517 6 46
P9-5A 5 11.5 606.277 5 39 3 7.3 625.213 5 57
P5-41 9 16.3 607.669 16 40 1 9.1 601.741 4 54
Table 3. Morphometric characteristics of fossil Orbulina universa samples retrieved at core SIS 188.
Depth 
(cm)
O. universa 
specimens 
per sample
Age
(ka AP)
Caribbean morphotype Mediterranean morphotype
Specimens Porosity (%) Diameter
large pore 
density 
(/110µm²)
small pore 
density 
(/110µm²)
Specimens Porosity (%) Diameter
large pore 
density 
(/110µm²)
small pore 
density 
(/110µm²)
23 10 7.42 4 18.0 552.983 29 9 6 9.0 487.955 10 37
30 8 8.18 4 17.0 583.381 12 29 4 9.7 506.426 6 27
35 10 8.73 4 18.8 558.466 8 36 6 10.4 597.974 6 33
42 10 9.50 4 14.9 521.453 5 39 6 11.7 539.110 3 42
47 8 10.04 3 12.9 451.774 11 24 5 8.4 553.651 9 26
54 9 10.81 5 17.5 498.706 22 12 4 12 505.086 5 42
59 9 14.43 8 14.0 520.980 5 43 1 8.4 458.094 5 46
66 7 19.50 4 15.4 462.322 7 34 3 4.8 375.105 3 27
70.5 10 20.04 3 18.4 488.329 7 34 7 9.6 493.925 4 30
78 9 20.95 4 22.0 603.319 11 31 5 10 513.066 4 35
82.5 10 21.49 6 16.8 609.737 6 32 4 16.7 474.809 6 46
90 8 22.40 4 19.0 566.972 7 38 4 9.7 552.261 4 37
94 10 22.85 5 19.0 562.573 9 33 5 9.5 506.201 4 49
101.5 10 23.79 0 - - - - 10 6.1 504.739 3 22
106.5 10 34.39 6 19.2 561.333 7 29 4 5.7 629.956 4 23
113.5 10 25.24 4 13.9 478.317 4 40 6 6.8 439.864 3 41
118 10 25.56 6 17.1 454.519 9 40 4 8.8 442.897 4 35
125.5 8 26.11 3 21.1 405.924 11 32 5 10.7 543.982 6 27
130 10 26.43 5 16.6 483.924 5 49 5 9.6 438.715 2 46
137.5 9 26.98 5 19.3 523.650 9 48 4 9.7 495.444 4 18
185 9 30.42 6 16.4 525.478 8 39 4 9.6 543.059 3 36
197 9 31.29 7 18.8 520.484 7 43 2 9.9 478.018 4 45
208.5 6 32.12 5 9.5 463.767 2 40 1 6.8 607.637 3 37
  [N×π×(D/2)2+n×π(d/2)2]/l×w
where N=number of large pores (10-19 µm); 
n=number of small pores (1-9 µm); D=large pores diame-
ter; d=small pores diameter; l=length of the analyzed area 
e w=width of the analyzed area.
No recrystallized shells were measured in this study. 
Porosity and pore density were measured on the external 
surface of the shell, according to studies like Li et al. (2009). 
On the other hand, Morard et al. (2009) and Marshall et al. 
(2015) performed the measurements on the internal surface 
of the shell, after breaking it. In our measurements, only the 
shell central area was analyzed, avoiding image distortions 
and possible errors related to its curvature. Thereby, we avoid 
Orbulina shells destruction, which may be used for other pa-
leoceanographic studies.
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Morphotypes were distinguished based on morpholo-
gical criteria described by Morard et al. (2009). Caribbean 
morphotype exhibits high porosity (13-22%) and its pores 
have uniform sizes. Mediterranean morphotype exhibits low 
porosity (4-12%) and possess two distinctive size of pores.
Core SIS188 age model
Chronology is based on the correlation of planktonic fora-
minifera oxygen isotope curve of SIS188 core with the isotopic 
curve of Lisiecki and Stern (2016), using four AMS 14C dating 
as control points. The age model was built using Analyseries 
2.0 software (Paillard et al., 1996). Oxygen isotope analysis and 
14C dating were performed using Globigerinoides ruber (whi-
te) tests (> 150µm). Ages obtained by 14C dating were correc-
ted for reservoir effect using the Marine Reservoir Correction 
Database ((Delta R=54.0+/-42.0 based on ages from De Masi 
(1999), Angulo et al. (2005), and Alves et al. (2015) and con-
verted to calibrated ages (Table 4) according to the calibration 
curve Marine13 (Reimer et al., 2013). Dating analysis were ma-
de at the Radiocarbon Laboratory of the Universidade Federal 
Fluminense (LACUFF) and isotopic analysis were performed at 
Mass Spectrometry Laboratory of California University.
Paleotemperature estimates
Planktonic foraminifera relative abundances we-
re converted into SST data using the Modern Analog 
Technique (MAT) (Hutson, 1980). In order to do that, at 
least 300 specimens were identified by sample (> 150µm 
size fraction) (CLIMAP, 1976). The calibration dataset 
ForCenS2017 (Siccha and Kucera, 2017) was utilized 
to extract the modern faunal composition data for the 
South Atlantic and part of Equatorial Atlantic (55°S – 
6°N; -62°W - 22W°). Furthermore, austral summer, win-
ter and mean annual temperatures were obtained from 
the World Ocean Atlas (WOA13, Locarnini et al., 2013) 
for each location of the calibration database. The dep-
th ranges of 0-50m, 0-75m and 50-100m were conside-
red. Finally, the data were treated in the software Past, 
Modern Analog Technique tool.
Only the SST was estimated. The SSS estimates con-
tain considerable noise, preventing the use of its absolute 
values for testing correlations.
Relationship between morphometric 
parameters and thermohaline indexes
For modern samples, correlations between morphome-
tric parameters (shell diameter, porosity, large pores den-
sity, small pores density) and sea surface temperature and 
salinity (considering the mean for the range depths 0-50m, 
0-75m and 50-100m) were calculated. Significance of 
correlations were evaluated by bootstrapping, with 5,000 
iterations, α=0.05. The analyses were performed using the 
statistical software MULTIV (Pillar, 2006).
The same statistical treatment was applied to the fossil 
samples, except considering only paleotemperature as the 
environmental variable.
RESULTS
Morphological characteristics of the analyzed shells allo-
wed to differentiate two morphotypes of O. universa in the stu-
died region, namely Caribbean and Mediterranean (Figure 2).
Orbulina universa analysis: modern samples
The diameter of the Caribbean morphotype ranged between 
557.7µm and 648.5µm. The minimum and maximum porosity 
were respectively 11.3% and 16.7%. Pore density varied betwe-
en 5 and 19 for large pores and 20 and 47 for small pores (both 
densities calculated for an 110µm2 surface area) (Table 2).
The Mediterranean morphotype showed a diameter range 
between 451.3µm and 690.2µm. The minimum porosity was 
4% and the maximum 10.6%. The large pore density varied 
between 4 and 10 (in an area of 110µm2) and the small pore 
density between 38 and 57 (for the same area) (Table 2).
For the Caribbean morphotype, the large pore density 
showed a negative correlation with both temperature (r=-
0.83; p=0.01) and salinity (r=-0.7; p=0.03) for the depth 
range 0-50m (Figure 3). The same pattern was found for 
0-75m (temperature: r=-0.82, p=0.01; salinity: r=-0.72, 
p=0.02), but not for 50-100m water depth, where no signi-
ficant correlation was found. The correlations between the 
remaining morphometric parameters with temperature and 
salinity were not found significant for any depth range.
For the Mediterranean morphotype, none correlation 
was found to be significant for 0-50 m (Figure 4), 0-75 m 
or 50-100m depth ranges.
Table 4. Radiocarbon ages for core SIS188.
Sample depth (cm) 14C Age Error (years) Calibrated age Lab (LACUFF) Code
21 6725 31 7204 170210
54 9921 34 10812 170055
113.5 21360 59 25243 170056
180.5 26325 77 30099 170211
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Figure 3. Correlation coefficients between temperature and salinity (0-50m water depth) and morphometric variables of modern Caribbean 
morphotype samples.
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Figure 4. Correlation coefficients between temperature and salinity (0-50m water depth) with morphometric variables of modern Mediterranean 
morphotype samples.
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Figure 6. Core description and estimated sedimentation rates for core 
SIS188.
Figure 5. A. Reference curve Lisiecki and Stern (2016) (upper graph) 
and age model of core SIS118 (lower graph). B. Age-depth model 
based on Analyseries 2.0 (Paillard et al., 1996) for the upper part of 
core SIS118.
Chronology and sedimentation rates for 
core SIS188
Radiocarbon datings (Table 4) along with the 
Globigerinoides ruber isotope curve (Figure 5) allo-
wed to build the age model for core SIS188 and to 
calculate changes in sedimentation rates for the last 
32 kyr (Figure 6). Between 32 and 25.2 kyr BP, sedi-
mentation rates were had been highest for the studied 
section, reaching 13.8 cm/ka. Between 24.4 and 19.5 
kyr BP sedimentation rates decreased to 8.3 cm/ka and 
from 14.4 to 10.8 kyr BP, the lowest sedimentation 
rates are recorded, reaching 1.4 cm/ka. Finally, from 
10 kyr BP onward sedimentation rate increases again 
to 9.1 cm/ka.
Orbulina universa morphometric analyses 
along SIS188 core - caribbean morphotype
The diameter of the Caribbean morphotype in the fossil 
samples ranged between 409µm and 609µm. Highest va-
lues were found for samples between 32 and 21.5 kyr BP 
and lowest values for samples between 19.5 and 7.4 kyr 
BP, although with a slight increase in diameter at 8.5 kyr 
BP (Figure 7a).
Minimum porosity was 13% and maximum 22%. 
Values were highest between 32 and 22.44 kyr BP and 
lowest between 21.5 and 14.4 kyr BP. Afterwards, be-
tween 8.7 and 7.4 kyr BP porosity become high again 
(Figure 7b).
Large and small pore densities showed opposite patterns. 
Large pores (Figure 7c) presented lowest density values du-
ring MIS 2 and peaks during MIS 1. Meanwhile, small pore 
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Figure 7. Downcore morphometric changes observed in Orbulina universa Caribbean morphotype (left) and Mediterranean morphotype (right) 
for core SIS188.
densities (Figure 7d) presented high values during MIS 2, 
and lower values during MIS 1.
Orbulina universa morphometric analyses 
along SIS188 core - mediterranean morpho-
type
Changes in the diameter of specimens from the 
Mediterranean morphotype are more pronounced than tho-
se observed in the Caribbean morphotype. The minimum 
diameter found was of 375µm and the largest was of 
629µm. The interval between 31.2 and 22.4 kyr BP shows 
the major variations of diameter along the studied section. 
Upward in the section, the diameter presents a size decrea-
sing trend up to 14.4 kyr BP. Between 10.8 and 7.4 kyr BP, 
the diameter values remain high (Figure 7e).
Porosity (Figure 7f) showed lower values than those from 
the Caribbean morphotype. Values oscillated between 4 and 
16.7%. The curve shows large oscillations during MIS 2 with 
BRAZILIAN JOURNAL OF OCEANOGRAPHY. 2019;v67:e19252
Duque-Castaño et al.: Morphometric analysis in Orbulina universa
11
a maximum peak at 21.5 kyr BP and a minimum at 19.5 kyr 
BP. During MIS1, values remain more stable.
Large pore densities in the Mediterranean morphotype 
ranged between 4 and 9 large pores in a 110µm2 area). 
Generally, values were lower during MIS 2 and higher du-
ring MIS1 (Figure 7g).
Different from the Caribbean morphotype, small pore densi-
ties in the Mediterranean morphotype (Figure 7h) did not present 
an inverse pattern with large pore densities. This parameter exhi-
bits large fluctuations along the whole studied interval.
Changes in planktonic foraminifera fauna 
along core SIS188
Twenty-six planktonic foraminifera species were 
recognized in the analyzed samples. The most con-
trasting faunal changes were found at the transition 
between MIS2 and MIS1 (14 kyr BP). Typically, cold 
and nutrient-rich water species such as Turborotalita 
quinqueloba, Neogloboquadrina pachyderma and 
left-coiling Globorotalia truncatulinoides were 
more abundant during the glacial period (MIS2). On 
the other hand, warm-water species such as O. univer-
sa, Globigerinoides ruber (white and pink), Trilobatus 
sacculifer (with or without sac-like chamber) and 
Globigerinella calida became more abundant during 
MIS1, most of them specially during the Holocene, sin-
ce 8.7 kyr BP (Figure 8).
Downcore paleo-sst reconstruction and 
correlation with fossil orbulina universa 
samples
Summer, winter and mean annual SSTs for each 
analyzed sample are plotted in Figure 9, representing me-
an values for the 0-50m water depth. This depth range was 
the one that yielded the highest correlation between the 
modern temperature obtained by the CTD device and the 
reconstructed paleotemperatures of the calibration dataset. 
Therefore, we consider only these results to evaluate the 
correlation between paleotemperatures and the morpho-
metric parameters of O. universa.
Figure 8. Relative abundances (%) of warm-water species (in red) versus cold-water species (in blue) along core SIS188. In the Orbulina universa 
plot, the red bars correspond to the Caribbean morphotype and the yellow ones to the Mediterranean morphotype. In the Globigerinodes ruber plot, 
the red bars correspond to the white morphotype and the yellow ones to the pink morphotype. For T. sacculifer, the yellow and red bars respectively 
indicate specimens with and without the sac-like chamber.
Figure 9. Paleo-SST estimates (°C) for the upper 50m water depth according to SIS188 record: (a) summer SST, (b) mean annual SST and (c) 
winter SST.
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Figure 10. Relationships between SST (°C) and the shell diameter, porosity and pore densities for the Caribbean morphotype in SIS188 core.
Between 32.1 and 22.4 kyr BP SST estimates show 
only minor fluctuations, keeping pretty much constant 
values. Mean summer SST during this interval is 24.3°C. 
From then on, temperatures drop, reaching a minimum va-
lue at 19.5 kyr BP (21.7°C), during the LGM. Since 14.4 
kyr BP (close to the transition between MIS2 and MIS1), 
temperatures rise again and stay high during the Holocene. 
Mean summer SST through during the Holocene is 25.3°C. 
No significant correlations were found between sum-
mer SST (0-50m) and shell diameter or porosity, neither 
for the Caribbean (Figure 10) nor for the Mediterranean 
morphotype (Figure 11). Also, no correlation was found 
between large pore- or small pore- density and paleo-SST.
DISCUSSION
Orbulina universa morphotypes occurrence 
at the Western South Atlantic
Orbulina universa morphotypes are related to di-
fferent hydrographic provinces and trophic conditions. 
Morard et al. (2009) relate the Mediterranean morpho-
type with high productivity regions, as the Southeast 
Atlantic and the Indian Ocean. On the other hand, 
Sargasso and Caribbean morphotypes seem to be spe-
cially related to stratified oligotrophic waters. In our 
study, both Mediterranean and Caribbean morpho-
types specimens occur together in almost all the sam-
ples (modern and fossil). Even though De Vargas et 
al. (1999) have reported the Sargasso morphotype 
occurrence at the Southwestern Atlantic, this mor-
photype was not considered for the studied samples. 
Morphometric characteristics of Mediterranean and 
Sargasso morphotypes are very similar, making it difficult 
to separate them. However, Sargasso morphotype occur-
rence is unlikely in our study area, once its higher abun-
dance has been reported to highly oligotrophic regions of 
the ocean (De Vargas et al., 1999), such as the subtropical 
gyres (Morard et al., 2009).
The co-occurrence of Mediterranean and Caribbean 
morphotypes can be explained by the oceanographic cha-
racteristics of the area. The main oceanographic influence 
in the region comes from the Brazil Current (BC) (Piola 
and Matano, 2017) which transports warm and oligotro-
phic waters, enabling the occurrence of the Caribbean 
morphotype both in modern and fossil samples.  On the 
other hand, there is also the influence of the PPW (that 
reaches the study area during winter under the influence 
of SW winds - Pimenta et al., 2005; Piola et al., 2005) 
and the coastal upwelling intensity at Santa Marta Cape 
(Acha et al., 2004; Pereira et al., 2009). Both bring colder 
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Figure 11. Relationships between SST (°C) and the shell diameter, porosity and pore densities for the Mediterranean morphotype in SIS188 core.
and nutrient rich waters enabling the occurrence of the 
Mediterranean morphotype. Moreover, proxy data (i.e. 
Laprida et al., 2011; Voigt et al., 2015; Morard et al., 2016) 
provide evidence for shifts in the latitude of the BMC 
during the Pleistocene and Holocene. Under colder con-
ditions, a northward migration of the Confluence region 
would have favored the occurrence of the Mediterranean 
morphotype in our fossil samples.
Correlation between orbulina universa 
morphometric parameters and surface waters 
thermohaline indexes in modern samples
Large pore density is the only parameter that shows 
a significant correlation with temperature and salinity 
(Caribbean morphotype).
Previous studies have shown an association between 
pore density and porosity (which is affected by the pores 
density) and dissolved oxygen concentration and tempe-
rature.  In fact, several studies relate higher porosity and 
shell diameter in O. universa and other planktonic forami-
nifera to warmer temperatures (Bé, 1968; Frerichs et al., 
1972; Bé et al., 1973, in surface sediments; Li et al., 2009, 
in sedimentary cores; Lombard et al., 2009; Burke et al., 
2018, in laboratory cultures). Moreover, some studies ha-
ve related higher pore density to a lower dissolved oxygen 
concentration (Schiebel and Hemleben, 2017). As gas dis-
solution in water is less efficient at higher temperatures, 
the number of pores in the shells increase to compensate 
the oxygen deficiency. The opposite situation occurs when 
the gas dissolution is higher, and the shells show lower 
porosities and less pores. Therefore, water temperature 
and oxygen concentration effects overlap. Nonetheless, in 
our samples the correlation found between pore density 
and water temperature is negative. It is possible that pre-
vious work results have been influenced by the fact that 
the existence of different morphotypes of O. universa was 
not considered. Still, lab studies conducted by Bijma et al. 
(1990) and Kuroyanagi et al. (2013) have found inverse 
correlations between temperature/dissolved oxygen con-
centration in water and porosity/pore density in shells, 
agreeing with our results. Thus, the mechanisms which 
define these shell morphometric parameters are still not 
quite understood.
Morard et al. (2009) show that the Caribbean morpho-
type presents higher porosity at subtropical warm waters, 
while the Mediterranean morphotype presents lower po-
rosity in cold and high productivity waters in the Indian 
Ocean. Nonetheless, the authors did not establish a rela-
tionship between porosity and environmental conditions, 
but with genetic components. However, Morard et al. 
(2013)  point to the temperature, together with producti-
vity, as the most important parameters that influence the 
genotypes and morphotypes distribution. Nevertheless, 
the morphometric parameters related to the genotypes and 
its relationship with temperature are not addressed.
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Surprisingly, shell diameter did not show significant 
correlation with water temperature in our study area. This 
parameter has been commonly used in paleoceanographic 
studies, as at the North Atlantic, Indian Ocean and China 
Sea (Bé et al., 1973; Colombo and Cita, 1980; Schmidt 
et al., 2004; Li et al., 2009), showing a diameter increa-
se together with a temperature increase. This may have 
happened because the morphometry changes do not de-
pend only on temperature, but also on other factors, such 
as nutrient availability. Besides, shell diameter and water 
temperature do not exhibit a linear relation. Each species 
has a temperature range that leads to its maximum diame-
ter, but environmental disturbances interfere in shell size. 
At frontal zones, as at the BMC, shell diameters use to be 
smaller (Schmidt et al., 2003).
Correlation between orbulina universa 
morphometric parameters and SST in SIS188 
core
The fossil samples did not show any significant cor-
relation between morphometric parameters and SST. This 
may have happened because carbonate fossil shells may 
have undergone dissolution processes. That would lead to 
an error of porosity estimate, as it takes into account the 
large and small pore diameters. However, porosity did not 
show significant correlation with thermohaline indexes in 
modern samples either. On the other hand, these processes 
would not affect pore density estimates, that show negati-
ve correlation with temperature for the modern samples, 
but not for the fossil samples.
There is also the possibility that other genotypes do 
exist in the fossil record and are yet not known (Morard et 
al., 2009). They could have temperature water preference 
different from the modern ones. If that is the case, indivi-
duals with the same morphometric characteristics would 
be classified as the same morphotype even if they have 
different environmental preferences, making it difficult to 
recognize a correlation between the two groups of varia-
bles. Unfortunately, studies considering the O. universa 
morphotypes have been made only for plankton samples.
Another explanation for the absence of correlation are 
errors associated with the SST estimates. The SST estima-
te was obtained by using the MAT. According to Guiot and 
De Vernal (2007), this technique has a confidence similar 
to other methods such as those based on Artificial Neural 
Networks, the Mg/Ca ratios in planktonic foraminifera 
and the SIMMAX (with and without distance ponderation) 
(Kucera et al., 2005a; Kucera et al., 2005b). However, 
MAT use can be limited by the small number of modern 
analogs found for the fossil samples set. This situation has 
been reported for the Southwest Pacific and the Southeast 
Atlantic (Morard et al., 2013) where there is a deteriora-
tion of SST reconstruction. In our work, several tests were 
made using the calibration dataset ForCenS2017 (Siccha 
and Kucera, 2017) for the South Atlantic. Nevertheless, 
SST estimates for the LGM and part of MIS 2 were too 
high and with abrupt changes for a short time period. 
Therefore, part of the Equatorial Atlantic was added to 
the calibration dataset, allowing the obtainment of a SST 
curve consistent with previous knowledge for the LGM 
at the Southwestern Atlantic (e.g.: Toledo et al., 2007a; 
Toledo et al., 2007b; Pivel et al., 2010). Another possible 
source of error in MAT reconstructions is related to the 
choice of the water depth temperature range considered in 
the calibration dataset (Telford et al., 2013). After testing 
three different depth ranges, we decided to use the 0-50m 
range which was the one that yielded the best correlations 
between the modern and reconstructed temperatures. Still, 
we recognize that while recent fauna may better reflect 
present conditions at the 0-50m depth range, past changes 
in the upper thermal structure very likely happened. Thus, 
intrinsic errors of the method could have diminished the 
correlation between SST and morphometric parameters.
Another hypothesis is that other factors, such as 
nutrient availability, play an important role in the mor-
photypes distribution. Currently, the main contributor 
to enhance nutrient availability at the area is the PPW. 
However, the modern sample closer to the La Plata river 
mouth (35°S) was obtained at 32°55’S. Furthermore, sam-
ples were collected in autumn and spring, while the extre-
mes of PPW seasonal migration occur in summer (when it 
is restricted to the mouth proximity) and in winter (when 
it reaches its farther north position). Thus, it is possible 
that planktonic samples represent conditions in which 
temperature and salinity changes were more relevant that 
the nutrient availability fluctuations. On the other hand, 
during the last 32 kyr, nutrient availability changed sig-
nificantly. During the LGM, with the lower global sea le-
vel and the modification of La Plata river mouth position, 
PPW influence was more intense, enhancing productivity 
of the affected area (Gu et al., 2017; Gu et al., 2018). In 
addition, the BMC, another high productivity area, has 
migrate to the north during Holocene (Voigt et al., 2015; 
Morard et al., 2016) possibly influencing the O. universa 
morphotypes distribution. Therefore, fossil samples could 
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represent distinct and more complex oceanographic con-
ditions compared to current configuration.
CONCLUSION
Two O. universa morphotypes were recognized in sam-
ples collected at the Southwestern Atlantic (Caribbean and 
Mediterranean morphotypes). Significant negative correla-
tions were obtained between large pore density and tempe-
rature and salinity for the Caribbean morphotype in modern 
samples. For the Mediterranean morphotype, this correlation 
was only significant for temperature. None correlation was 
found between temperature and shells diameter, although it 
is a common proxy used in paleoceanographic researches. In 
fossil samples obtained in core SIS188 none correlation was 
observed, so their value as a source of paleoceanographic in-
formation should be seen with caution. Hypothesis to explain 
this apparent incongruence include errors in SST estimates 
using MAT, the existence of genotypes in the recent geologi-
cal past that are distinct from the modern ones and the possi-
ble difference between the current oceanographic conditions 
and the paleoceanographic conditions during the last 32 kyr. 
Increasing the Southwest Atlantic dataset is central to unders-
tand the relationship between morphometric parameters of 
the O. universa morphotypes and the thermohaline indexes in 
modern and past conditions.
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